It is generally held that motor imagery is the internal simulation of movements involving one's own body in the absence of overt execution. Consistent with this hypothesis, results from numerous functional neuroimaging studies indicate that motor imagery activates a large variety of motor-related brain regions. However, it is unclear precisely which of these areas are involved in motor imagery per se as opposed to other planning processes that do not involve movement simulation. In an attempt to resolve this issue, we employed event-related fMRI to separate activations related to hand preparation-a task component that does not demand imagining movements-from grip selection-a component previously shown to require the internal simulation of reaching movements. Our results show that in contrast to preparation of overt actions, preparation of either hand for covert movement simulation activates a large network of motorrelated areas located primarily within the left cerebral and right cerebellar hemispheres. By contrast, imagined grip selection activates a distinct parietofrontal circuit that includes the bilateral dorsal premotor cortex, contralateral intraparietal sulcus, and right superior parietal lobule. Because these areas are highly consistent with the frontoparietal reach circuit identified in monkeys, we conclude that motor imagery involves action-specific motor representations computed in parietofrontal circuits. © 2002 Elsevier Science (USA)
INTRODUCTION
The "imagery debate" of the last century was fueled by the question of whether representations underlying mental imagery phenomena are distinct from those involved in other cognitive processes that are not accompanied by quasi-perceptual experiences (e.g., language). Critical to this argument was the question of whether the experience of imagery involves perceptual structures despite the absence of perceptual stimulation. The advent of noninvasive neuroimaging techniques provided considerable support for this claim. For instance, visual imagery appears to involve higher level visual processing centers in the temporal lobes (Gulyas, 2001) and may also activate primary visual cortex (Klein et al., 2000) , while musical imagery activates regions of the temporal lobe involved in audition (Halpern, 2001; Shergill et al., 2001) . Furthermore, visual mental imagery of specific objects (e.g., faces) activates category-specific visual processing centers (Ishai et al., 2000; O'Craven and Kanwisher, 2000) . These results suggest a high degree of correspondence between representations involved in perceptual and imagery processing.
Results from over 2 decades of functional neuroimaging studies suggest an analogous relationship between motor representations and those involved in internally simulating movements of one's own body, or motor imagery. These studies indicate that motor imagery is associated with activation of a large number of motor-related areas in the brain, including supplementary (SMA) and/or premotor (PM) areas (e.g., Decety et al., 1994; Gerardin et al., 2000; Parsons et al., 1995; Stephan et al., 1995) , cerebellum and basal ganglia (e.g., Decety et al., 1988; Parsons et al., 1995; Ryding et al., 1993) , posterior parietal cortex (e.g., Parsons et al., 1995; Stephan et al., 1995) , and even primary motor cortex (Lotze et al., 1999; Porro et al., 1996; Roth, 1996; Schnitzler et al., 1997) . The causal nature of these relationships is supported by evidence showing that lesions (Johnson, 2000a; Sirigu et al., 1995 Sirigu et al., , 1996 or transcranial magnetic stimulation (TMS; Fadiga et al., 1999; Ganis, et al., 2000) of certain brain areas involved in motor control can affect motor imagery.
Nevertheless, a number of questions regarding the precise relationship between motor imagery and motor representations remain. First, to what extent are these effects associated with motor imagery as opposed to other premovement processes that do not involve internal movement simulations (e.g., motor preparation and/or attention)? Due to reliance on block designs, previous investigations have lacked the ability to make this important distinction. For instance, Stephan et al. (1995) attempted to separate effects related to motor imagery from those related to preparation for overt joystick movements. However, as with other investigations, they did not control for processes involved in preparation of covert, or mentally simulated, movements. Instead, it was implicitly assumed that preparing covert and overt actions involve the same processes, which may not be so.
FIG. 1. Design of ER-fMRI experiment. (A)
Vertical columns depict the four stimulus phases occurring in each trial of the experiment. The five conditions that resulted from collapsing across handle orientations and response cues are organized in the horizontal rows. (B) A left hand supinated, or underhand, power grip that places the thumb on the tan end of the handle and a left hand pronated, or overhand, power grip that places the thumb on the pink end of the dowel.
FIG. 2. Left hand preparation. (A)
The subtractive comparisons used to isolate areas involved in left hand preparation. (B) Areas at or above T ϭ 6.9 (P Ͻ 0.001, uncorrected) from this comparison displayed on axial slices. In this and all subsequent figures, activations contain at least five contiguous voxels and are displayed on slices taken from the grand average of all subjects' normalized, T-1-weighted, anatomy.
FIG. 3. Right hand preparation. (A)
The subtractive comparisons used to isolate areas involved in right hand preparation. (B) Areas at or above T ϭ 6.9 (P Ͻ 0.001, uncorrected) from this comparison displayed on axial slices.
Second, does imagining specific actions selectively engage areas that are functionally specialized for planning and control of comparable overt movements? While numerous studies indicate that motor imagery activates a variety of motor structures, whether these activation patterns are specific to particular actions is considerably less clear. Analogous to findings of category-specific effects in visual imagery, evidence for "action-specific" effects in motor imagery would provide strong evidence for the claim that motor imagery and motor behavior share common representations.
These issues were addressed through use of an eventrelated fMRI paradigm designed to distinguish processes involved in hand preparation from those associated with mental simulation of reaching movements. As illustrated in Fig. 1A , each trial began with a 2-s precue: a left-or rightward pointing arrow, instructing subjects to prepare a grip selection judgment based either on the right or left hand, respectively. Because the orientation of the stimulus on which the judgment was to be based was as yet unspecified, we reasoned that no movement simulation would be involved with this component of the task. On the one hand, even though no overt hand movements will be forthcoming, preparing for a grip selection judgment might be expected to prime contralateral brain areas involved in representing the cued limb. On the other hand, preparation for motor simulation might engage areas in the dominant hemisphere associated with motor attention effects observed prior to overt execution. Specifically, Rushworth and colleagues have shown that left parietal cortex is selectively activated when subjects are required to attend to movements they are about to perform with either limb (Rushworth et al., 2001a (Rushworth et al., ,b,c, 1997 . In their experiments, the critical area involved in motor attention is located in the anterior, inferior parietal lobule (IPL, BA40) and within the anterior sector of the IPs. To the extent that preparing the hand for upcoming movement simulation involves these same mechanisms, comparable effects might be observed during the precue phase of the present experiment.
As illustrated in Fig. 1B , 2 s after the onset of the precue, subjects were shown a handle in one of 24 different, 3-D orientations and required to determine whether their thumb would be on the pink or tan end if they were to grasp the object with the chosen hand using the most comfortable power grip (i.e., under-or overhand) . Previous behavioral studies demonstrated that this grip selection decision is accomplished by internally simulating a reaching movement based on the cued hand (Johnson, 1998 (Johnson, , 2000a Johnson et al., 2001) . Specifically, time required to select a grip increases as a function of the angular distance the subject's hand would traverse if moving from its present location into the selected posture via the shortest biomechanically plausible trajectory. Further, subjects exhibit a near perfect correspondence between grip preferences in imagery and those chosen on actual prehension versions of this task. In both imagery and prehension, grip preferences based on left and right hands are inversely related to one another, a reflection of the fact that the two limbs' biomechanical constraints are 180°out of phase (Johnson, 2000b) . If subjects in the present study are basing their grip selection decisions on internally simulated movements, then this same pattern should be apparent in their grip preference data.
Because all stimuli in the present experiment had the same shape, and judgments were based on use of a power grip, the grip selection decision did not demand representing different hand configurations. Put differently, the opposition space of the fingers remained constant across changes in handle orientation, while the trajectory of the reach was accommodated through pronation or supination of the forearm (Johnson, 2000b) . Therefore, to the extent that motor imagery is action-specific, we expected selective activation of areas previously associated with reaching during the grip selection phase of this task; specifically, dorsal premotor cortex (PMd) and the medial intraparietal area (MIP) with which it is connected Johnson et al., 1996; Kalaska and Crammond, 1992; Wise et al., 1997) .
Finally, 2 s after presentation of the dowel, subjects were provided with response cues indicating which of two handheld buttons represented the pink or tan response options on that particular trial (Fig. 1A) . Because the time required to make a grip selection decision in this task averages less than 1 s (Johnson, 2000b) , this manipulation forced subjects to wait until after having completed their movement simulations before planning and executing the appropriate button press response.
Further details of the paradigm can be found under Method below.
METHOD

Subjects
Eight healthy, right-handed adults participated in this experiment. All subjects were naïve to the hypotheses under investigation and provided informed consent in accordance with the Declaration of Helsinki.
Magnetic Resonance Imaging
Imaging was performed using a 1.5-T GE scanner with a standard birdcage head coil. First, a set of structural images were acquired. Namely, an anatomical high-resolution, T1-weighted three-dimensional, rf-spoiled, GRASS sequence se-
FIG. 4. Left hand grip selection. (A)
The subtractive comparison used to isolate areas involved in grip selection judgments involving the left hand. (B) Areas activated at or above T ϭ 4.6 (P Ͻ 0.01, uncorrected) for this contrast. Axial slices in row "A" show the areas significantly associated with left hand grip selection decisions. As illustrated by the yellow line on the accompanying coronal slice, axial slices in row "B" depict bilateral regions of the superior frontal gyrus or putative area PMd (standardized coordinates: Ϫ18, Ϫ6, 53; 34, Ϫ6, 53). Similarly, as illustrated by the yellow line on the accompanying coronal slice, axial slices in row "C" were chosen to depict the medial region of the intraparietal sulcus. Putative area MIP is located in the right hemisphere (standardized coordinates: 34, Ϫ46, 56) contralateral to the hand on which the grip selection decision is based.
ries (256 ϫ 256 matrix, FOV 23, 60 slices, 2.8 mm thickness) in sagital orientation. A high-resolution, T1-weighted SE (512 ϫ 256 matrix, FOV 20, 16 slices, 7 mm, with 1-mm gap) and a T1-weighted IR-prepared SE EPI (64 ϫ 64 matrix, FOV 20, 16 slices, 7 mm, with 1-mm gap) were also acquired to provide anatomical background pictures before normalization.
Functional imaging was performed using an ultrafast echo planar gradient echo imaging sequence sensitive to blood oxygenation level-dependent (BOLD) contrast (TR, 2 s; TE, 40 ms; flip angle, 90°) with the 16 slices oriented along the anterior and posterior commissure (oblique axial; 7-mm thickness; 1-mm gap; in-plane resolution, 3.125 ϫ 3.125 mm). Prior to each run, four images were acquired and discarded to allow for longitudinal magnetization to reach equilibrium.
Structural and functional data for each individual subject were transformed into a standardized, stereotaxic space (Talairach, 1988) using previously described procedures (Buckner, 1998a ). This resulted in 39 axial slices of isotropic 3.125-mm 3 voxels.
Tasks
Each subject performed 10 functional runs presented in different random orders. Every run included 48 8-s randomized trials consisting of four consecutive 2-s phases ( Fig. 1A) : Phase 1 consisted of either a left-or rightward pointing arrow, (subtending approx. 2°ϫ 2°), indicating which hand should be prepared for the upcoming grip selection decision, or a double-headed arrow that served as a perceptual control but provided no hand preparation information. In Phase 2, subjects were shown either a graspable handle (subtending approx. 2°ϫ 8°)-appearing in 1 of 24 different 3-D orientations-or a broken, ungraspable handle (also subtending approx. 2°ϫ 8°). The ungraspable handle served as a Phase 2 perceptual control. As illustrated in Fig. 1B , if a graspable handle appeared in Phase 2 subjects were to decide whether it would be preferable to grasp it using an underhand or overhand power grip and note whether this posture would place their thumb on the pink or tan end of the object. No actual reaching movements were made. Trials where doubleheaded arrows occurred in Phase 1 always contained broken dowels in Phase 2. In Phase 3, subjects were shown a question mark flanked by two colored squares indicating which response key (left or right) represented the pink or tan option on that particular trial. Subjects used the index or middle finger of the right hand to press the response key corresponding to the color of the end of the handle on which their thumb would have been located. If a broken, ungraspable dowel appeared in Phase 2, subjects were instructed to wait until the Phase 3 response cue and press the key corresponding to pink. Importantly, because the identity of Phase 3 response cues varied randomly across trials, all conditions, including those involving a broken dowel, involved solving an arbitrary mapping from color to response key (Fig. 1A) . Finally, Phase 4 served as an intertrial interval during which subjects maintained fixation on a centrally presented point.
Given the inherent sequential relationship between hand preparation, grip selection, and response execution processes, the ordering of phases within trials was necessarily fixed. However, counterbalancing of the different trial types within each run-created by all possible combinations of Phase 1-3 events-was optimized using a previously described linear simulation tool (Buckner, 1998b) . This strategy controls for possible overlap effects in the BOLD response by ensuring that equal numbers of each trial type both precede and follow all others.
Data Analysis
Data from individual runs of each subject were first normalized to correct for global between-run signal intensity changes and temporal drift. Normalized data were then sorted into five primary conditions by collapsing across the 24 different handle orientations (Phase 2) and the two different response cues (Phase 3, Fig. 1A ). Within each condition, BOLD responses that occurred during 20-s epochs timelocked to the onset of the hand cues (Phase 1) on individual trials were selectively averaged. This resulted in epochs that captured mean effects related to all four stimulus events within each condition. To enable interindividual averaging, mean and variance images for each subject were finally transformed into standard stereotaxic space (Talairach, 1988) .
In order to isolate effects specifically related to hand preparation or grip selection, respectively, we performed subtractive comparisons between average BOLD responses associated with specific trial types as detailed below. Statistical activation maps were constructed based on differences between trial types using a t statistic (Dale and Buckner, 1997) . Clusters consisting of at least five voxels, separated by a minimum of 8 mm, and having t values greater than 4.6 (P Ͼ .01, uncorrected for multiple comparisons), were considered statistically significant.
Hand preparation. Figures 2A and 3A illustrate the subtractive comparisons used to isolate effects related to left or right hand preparation, respectively. Mean BOLD responses associated with trials on which subjects were shown a meaningless precue (double-headed arrow) followed by the broken handle were subtracted from average responses from trials where subjects were shown a left or right arrow precue and prepared to make a grip decision based on that hand, but then were shown a broken, ungraspable handle (i.e., Trial Type 3-5 for the left hand and Trial Type 4 -5 for the right, Figs. 2A and 3A) . As demands associated with stimulus perception and response execution are equivalent in each of the conditions being compared, resulting differences should be associated with brain areas involved in preparing either the left or right hand for movement simulation.
Grip selection. Figures 4A and 5A illustrate the subtractive comparisons used to isolate effects associated with the grip selection component of the task based on either the left or right hand, respectively. Average BOLD responses from trials on which subjects were precued to prepare either the left or right hand, but then were shown a broken, ungraspable handle were subtracted from mean responses on trials where they prepared either hand and then selected the most natural grip for engaging an unbroken dowel (i.e., Trial Type 1-3, for the left hand, and Trial Type 2-4, for the right, Figs. 4A and 5A). Because demands associated with stimulus perception, left vs right hand preparation, and response execution are equivalent under each of the conditions being compared, resulting differences should be associated with brain areas involved specifically in imagining how best to grasp the handle. Likewise, it is important to note that due to the randomization procedure, results of these subtractive comparisons are unbiased with respect to the identity of preceding phases.
RESULTS
Hand Preparation
Comparison of Figs. 2B and 3B reveals a striking symmetry between areas activated when preparing movement simulations on the basis of either the left or right hand, respectively. Similar to previous studies of motor attention (Rushworth et al., 2001a (Rushworth et al., ,b,c, 1997 , significant effects were predominantly localized to the left cerebral hemisphere during preparation (Tables 1 and 2 ). Significantly activated areas within the parietal cortex involved BA7 and primary somatosensory cortex (BA2), but-in contrast to motor attention-did not include BA40 or anterior IPs. The absence of these areas may be attributable to the fact that the present task involved preparing to mentally simulate movements, whereas motor attention paradigms involve preparation for overt execution. Sites in the left frontal cortex included the primary motor area (BA4), medial frontal gyrus (BA10), dorsal premotor (BA6), SMA, and cingulate motor area (CMA). In the right hemisphere, significant frontal activations were observed in the primary motor cortex (BA4), medial frontal gyrus (BA10), and CMA. Finally, several areas in the right cerebellum were also activated (Tables 1 and 2 ). Activations within medial and posterior IPs were observed only in the left hemisphere during preparation of the left hand.
In sum, preparing to mentally simulate an upcoming reaching movements on the basis of either hand was associated with widespread activation of motor-related areas throughout the left cerebral and right cerebellar hemispheres. Indeed, many of the same regions previously reported to be involved in motor imagery tasks were also active during this nonimagery phase of the task. Areas activated at or above T ϭ 4.6 (P Ͻ 0.01, uncorrected) for this contrast. Axial slices in row "A" show areas associated with right hand grip selection. As illustrated by the yellow line on the accompanying coronal slice, axial slices in row "B" depict bilateral regions of frontal superior gyrus or putative area PMd (standardized coordinates: Ϫ18, Ϫ3, 62; 31, Ϫ9, 56). Similarly, as illustrated by the yellow line on the accompanying coronal slice, axial slices in row "C" were chosen to depict the medial region of the intraparietal sulcus. Putative area MIP is located in the left hemisphere (standardized coordinates: Ϫ40, Ϫ49, 53) contralateral to the hand on which the grip selection decision is based.
Grip Selection
As expected if subjects are using internally simulated reaching, grip preferences (i.e., over-vs underhand) for each handle orientation were virtually identical to what was observed previously during actual prehension (R ϭ .99, P Ͻ .00001; Johnson, 2000b) . Consistent with observations of reach planning in monkeys, these imagined reaches were associated with highly selective activations within dorsal premotor cortex (BA6) and within the medial IPs. Tables 3  and 4 summarize areas activated during left and right hand grip selection, respectively. Figure 4B shows that grip selection based on the left hand was associated with bilateral activation of putative PMd. As shown in Fig. 5B , these same regions were also activated during grip selection based on the right hand. Under both conditions unilateral activations within the medial IPs were observed contralateral to the hand on which grip decisions were based (Figs. 4B and 5B). These locations are probable homologues of monkey MIP, an area containing cells that represent the intention to move the arm in a specific direction (Andersen et al., 1997) and whose responses are most pronounced when forthcoming arm move- Note. To attain statistical significance (P Ͻ .01, T ϭ 4.6), clusters must include at least five voxels and peaks must be separated by 8 mm. Note. To attain statistical significance (P Ͻ .01, T ϭ 4.61), clusters must include at least five voxels and peaks must be separated by 8 mm. Note. To attain statistical significance (P Ͻ .01, T ϭ 4.6), clusters must include at least five voxels and peaks must be separated by 8 mm.
ments will involve the contralateral hand (Colby and Duhamel, 1991) . Grip decisions based on either hand also activated a circumscribed region of the right SPL (Figs. 4B and 5B). As mentioned earlier, monkey SPL represents higher level proprioceptive and visual information and projects directly to area PMd. Likewise, previous neuroimaging studies of humans have associated SPL with the representation of hand and arm movements (Deiber et al., 1991; Grafton et al., 1996; Iacoboni et al., 1999) .
DISCUSSION
The purposes of this study were twofold: First, we sought to distinguish effects associated with motor imagery from those linked to other motor planning processes that do not involve internal movement simulations. Consistent with earlier studies of preparation for overt action (Deiber et al., 1996; Toni et al., 1999) , our results show that preparing to imagine an as yet unspecified hand movement-a task component that does not involve movement simulation-activated a widely distributed network of frontal (BA4, BA6, BA10, SMA, CMA), parietal (BA2, BA7), and subcortical (BG, cerebellum, thalamus) areas, most of which have been claimed to participate in motor imagery. By contrast, imagined grip selection-a task component that involves movement simulation-was associated with focal activation in a small subset of parietal and premotor sites. The present findings therefore suggest that many of the areas previously attributed to motor simulation may instead be involved in nonimagery processes such as preparing to imagine movements on the basis of a specific effector.
Second, we sought to determine whether motor imagery selectively activates action-specific motor representations. Consistent with this hypothesis, we found that areas selectively activated during imagined grip selection were consistent with a putative homologue of the monkey parietofrontal reach circuit. Taken together, these two findings suggest that when other premovement processes are properly controlled, motor imagery selectively activates those areas involved in controlling comparable actions.
Hand Preparation
Earlier investigations demonstrated that preparing to move is associated with activation of numerous cortical areas contralateral to the involved effector (Deiber et al., 1996; Toni et al., 1999 Toni et al., , 2001 . We observed that preparing to simulate an as yet unspecified action on the basis of either limb induced activations primarily within the motor-dominant, left, cerebral hemisphere. This suggests that preparing overt vs covert simulated movements may involve different processes. There are at least two possible reasons for this cerebral asymmetry. The most obvious possibility is that the left, motor-dominant, hemisphere may play a key role in preparing for movement simulations involving either hand. In right-handed individuals, it is well known that the left cerebral hemisphere is dominant not only for fine motor control, but also for several aspects of motor planning, including movement sequencing (Kimura and Archibald, 1974) , representation of skilled actions (Leipmann, 1900) and, most recently, motor attention. As reviewed earlier, Rushworth and colleagues have shown that left parietal cortex is selectively activated when subjects are required to attend to movements they are about to perform with either limb (Rushworth et al., 2001a (Rushworth et al., ,b,c, 1997 . In their experiments, the critical area involved in "motor attention" is located in the inferior parietal lobule (BA40) and within the anterior sector of the IPs. In the present study, more posterior areas within the left IPs were only observed during left hand preparation, and neither left nor right hand preparation involved BA40. These important differences may reflect the fact that in our study, subjects were preparing to imagine rather than execute movements. In contrast to the motor attention experiments, during the precue phase, subjects in our study were not aware of the specific movements to be imagined during the upcoming grip selection phase of the each trial. It is also possible that preparing a limb, as opposed to preparing to perform a specific action, may contribute to the more widespread left hemisphere activity we observed. This hypothesis is consistent with left BA40 participating in the storage of motor programs for specific actions (Haaland et al., 2000; Johnson et al., 2002) . A final possibility is that left-lateralized motor preparation effects may partly reflect the fact that subjects will ultimately be required to press one of two response buttons using the contralateral right hand. Experiments designed to disentangle these possibilities are currently under way.
Grip Selection
Electrophysological studies of monkeys have demonstrated the existence of a functionally specialized, parietofrontal sys- Note. To attain statistical significance (P Ͻ .01, T ϭ 4.61), clusters must include at least five voxels and peaks must be separated by 8 mm.
tem for the planning and control of reaching movements that includes areas PMd and MIP Kalaska and Crammond, 1992) . By carefully isolating grip from hand preparation, we isolated a putative homologue of this reach system in humans. Regardless of the hand involved, grip selection was associated with bilateral activation in PMd. Individual PMd neurons are involved in integrating proprioceptive input regarding characteristics of the limb to be used with visual information specifying a target object's location to construct plans for specific reaching actions (Hoshi and Tanji, 2000) . Area PMd receives direct visual Johnson et al., 1993) and higher level proprioceptive (Lacquaniti et al., 1995) input from the superior parietal lobule (SPL) and is reciprocally connected with a medial region of the intraparietal sulcus (area MIP) that contains cells responsive to the intention to move the arm along a specific trajectory in space (Andersen et al., 1997; Crammond and Kalaska, 1989; Matelli et al., 1998) . Both SPL and a putative homologue of MIP were activated during grip selection. The area proposed here as homologous to monkey MIP is virtually identical to a location previously shown to be involved in the modification of unfolding reaching plans on the basis of sensory feedback (Desmurget et al., 1999; Desmurget and Grafton, 2000) .
This work builds on earlier PET studies indicating a homologous reach system in humans (Grafton et al., 1996; Kertzman et al., 1997; Lacquaniti et al., 1997) . The present findings demonstrate that this system is also selectively activated when implicitly simulating reaching movements. We interpret these effects as strong support for the hypothesis that motor imagery involves action-specific motor representations. Considered in the context of earlier psychophysical studies of grip selection, these findings also suggest an alternative model of motor imagery.
Parietofrontal Circuits and Motor Simulation
The common wisdom is that motor imagery is the simulation of an existing motor plan while execution is inhibited (e.g., Jeannerod, 1994) . Alternatively, Johnson argued that movement simulation may actually be involved in the refinement and selection of the premovement plan (2000b). Results of a number of studies indicate that motor simulation is used to solve the problem of movement selection in tasks, such as the one used in the present experiment, where a relatively small number of response alternatives exist (e.g., over-vs underhand; Johnson, 1998 Johnson, , 2000a Johnson, , 2000b Johnson et al., 2001) . Specifically, these studies indicate that: (1) Time required to make a grip selection decision is predicted by the angular distance between the involved effectors' physical location and what would be the end state of the simulated reach, following the shortest biomechanically plausible trajectory; (2) movement simulations appear to be extremely rapid, on the order of 1000°/s; (3) prior to selecting a grip, both reach alternatives appear to be simulated (see also Parsons, 1994) ; (4) selected responses are those rated as being less biomechanically awkward in actual prehension; and (5) times to select a grip are substantially inflated when both response options have similar awkwardness ratings. Johnson proposed the Prospective Action Model (PAM) to account for these findings. The distinctive feature of this model is that analog simulations are used to evaluate response options in advance of movement selection. Results of these simulations are then used to select the most biomechanically efficient alternative. The present neuroimaging results can be interpreted within the PAM framework.
The question of whether premotor and parietal circuits act as functional loops for representing imagined movements has been raised previously (Gerardin et al., 2000) . Our grip selection data indicate that this is indeed the case for implicitly simulated reaching movements. Considered within the context of earlier psychophysical results, the present findings suggest specific neural mechanisms for various components of PAM. As depicted in Fig. 6 , input to the model consists of the spatial properties of the target object and precued limb (dashed boxes). Note that areas involved in representing this perceptual information are not apparent in the grip selection results because the control condition involves both limb preparation and stimulus processing (Figs. 4A and 5A ). On the basis of electrophysiological work (Hoshi and Tanji, 2000; Shen and Alexander, 1997) , we suggest that this perceptual information is integrated within area PMd to form an initial premovement plan for reaching that represents one of the two possible alternatives (over-or underhand) . This initial reach plan is then projected from PMd through reafferent pathways to SPL, where it is actively simulated. The hypothesized role of SPL in movement simulation is consistent with previous functional imaging results implicating this area in mental rotation (Haxby et al., 1991; Richter et al., 1997 Tagaris et al., 1996) , implicit motor imagery (Parsons et al., 1995) , and the representation of finger, hand, and arm movements (Deiber et al., 1991; Grafton et al., 1992; Iacoboni et al., 1999) . Whether an entire movement is simulated at once is an open question. One possibility is that the movement is simulated stepwise as a series of submovements. This could be achieved iteratively by having results of a partial simulation project back onto PMd (dashed arrow), where they could be used to update and revise the motor plan on the basis of predicted sensory consequences. In turn, the updated plan for the next submovement could be projected back onto SPL for further simulation, and so on. Alternatively, it is also possible that the entire plan is simulated in its entirety. In either case, both response options (over-and underhand reaches in this case) are simulated before a grip is selected. According to PAM, results of these simulations are estimates of the biomechanical costs, or awkwardness, of each response option. In keeping with the well-established role of PMd in movement selection (Deiber et al., 1991; Grafton et al., 1998; Passingham, 1993) , we suggest that a comparator within this region weighs simulation results and selects the least costly response option. If rated awkwardness values of the two reach options are highly dissimilar, then the least costly option is selected immediately. If awkwardness ratings of the two options are similar additional processing is necessary prior to selection, resulting in inflated response times. Finally, the plan for the selected response is projected to MIP (or the parietal reach region, Andersen et al., 1997) , where neurons are known to represent the intention to reach in a particular manner for a target (Andersen et al., 1997; Batista and Andersen, 2001; Snyder et al., 2000) .
CONCLUSIONS
In sum, our results support the hypothesis that motor imagery selectively involves parietofrontal circuits that represent comparable overt actions. These findings illustrate the importance of distinguishing between effects related to premovement processes that do and do not involve motor simulation when attempting to localize representations involved in motor imagery. Further, these findings also raise the possibility that nonimagery components may contribute to the diversity of cortical and subcortical areas that have been implicated in motor imagery by previous functional neuroimaging studies. The action-specific nature of the present findings suggests that, under carefully controlled conditions, motor simulation may indeed be a valuable and precise tool for probing the functional architecture of the human motor system.
